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ABSTRACT
By using the line ratio C IVλ1549/C IIλ1335 as a tracer of ionization ratio of the interstellar medium (ISM)
illuminated by a long gamma-ray burst (LGRB), we identify a global photoionization response of the ionization ratio
to the photon luminosity of the prompt emission assessed by either Liso/Epeak or Liso/E
2
peak. The ionization ratio
increases with both Liso/Epeak and Liso/E
2
peak for a majority of the LGRBs in our sample, although there are a few
outliers. The identified dependence of C IV/C II on Liso/E
2
peak suggests that the scatter of the widely accepted Amati
relation is related with the ionization ratio in ISM. The outliers tend to have relatively high C IV/C II values as well
as relatively high C IVλ1549/Si IVλ1403 ratios, which suggests an existence of Wolf-Rayet stars in the environment
of these LGRBs. We finally argue that the outliers and the LGRBs following the identified C IV/C II−Liso/Epeak
(Liso/E
2
peak) correlation might come from different progenitors with different local environments.
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1. INTRODUCTION
Long gamma-ray bursts (LGRBs) are the most power-
ful explosions occurring from local universe (the nearest
one is GRB980425 at z = 0.008, Galama et al. 1998)
to very high redshift (e.g., Salvaterra et al. 2009; Tan-
vir et al. 2009). Up to date, the most distant one re-
ported in literature is GRB090429B with a photometric
redshift of z = 9.4 (Cucchiara et al. 2011). The detec-
tion of the associated supernova in a few LGRBs (see
Cano et al. 2016 for a recent review) strongly supports
that LGRBs originate from the core-collapse of young
massive stars (≥ 25M⊙) (e.g., Hjorth & Bloom 2012;
Woosley & Bloom 2006 and references therein). The
GRB’s afterglow at a wide wavelength range from radio
to X-ray is produced through the synchrotron radiation
when the jet ignited in the core-collapse impacts and
shocks the surrounding medium (e.g., Meszaros & Rees
1997; Sari et al. 1998).
Within the first hours after the onset of a burst, the
powerful afterglows of LGRBs illuminate not only the in-
terstellar medium (ISM) of their host galaxies, but also
the intergalactic medium, which produces an afterglow
optical spectrum associated with multiple strong ab-
sorption lines of metals with different ionization stages
at different redshifts (e.g., Fybno et al. 2009; de Ugarte
Postigo et al. 2012). The spectra provide us an oppor-
tunity to study the properties of both medium at GRB’s
local environment and intervening absorption clouds lo-
cated between the host galaxy and the observer (e.g.,
Savaglio et al. 2003; Butler et al. 2003; Prochaska et
al. 2006, 2007; Tejos et al. 2007; Vergani et al. 2009;
Vreeswijk et al. 2007; Kawai et al. 2006; Totani et al.
2006; D’Elia et al. 2009, 2010; Wang 2013).
A response of the host galaxy environment to both
prompt and afterglow emission has been proposed and
observed for a long time. The theoretical study in
Perna et al. (2003) suggested that the silicates can
be destroyed by the strong X-ray/UV radiation (see
also in Waxman & Draine 2000). The photoioniza-
tion effect due to the prompt and afterglow emission
of GRBs has been identified in the X-ray spectra of a
few bursts (e.g., Amati et al. 2000, Antonelli et al.,
2000; Piro et al. 2000). Due to the afterglow evo-
lution, an evolution of photoionization of the medium
around the progenitors has been put forward in Perna &
Loeb (1998), which is subsequently supported by the ob-
served time variability of absorption lines in a few bursts
(e.g., GRB010222, Mirabal et al. 2002; GRB020813,
Dessauges-Zavadsky et al. 2006; GRB060418, Vreeswijk
et al. 2007; GRB060206, Hao et al. 2007; GRB080310,
Vreeswijk et al. 2013; GRB100901, Hartoog et al.
2013). In addition, with a sample of 69 low-resolution
afterglow spectra, de Ugarte Postigo et al. (2012) re-
vealed a global weak dependence of the ionization ratio
quantified by the line strength parameter on the rest-
frame isotropic prompt energy Eiso in 1-1000keV band.
In this paper, we identify a global photoionization re-
sponse of the ISM to GRB’s prompt emission by instead
focusing on the role of high energy ionizing photon flux.
The result further motivates us to suspect that there are
two kinds of origin of LGRBs. The paper is organized
as follows. The sample selection is presented Section 2.
Section 3 shows the results and implications.
2. SAMPLE
Our aim is to study the global photoionization re-
sponse of the host galaxy ISM to LGRB’s prompt emis-
sion. We adopt the line ratio of C IVλλ1548,1550 and
C II/C II∗λλ1334,1335 as a tracer of ionization ratio
of the ISM of individual LGRB, both because the two
lines are usually quite strong in the afterglow spectra
and because the ionization potential of C IV is as high
as 47.89eV. We compile a sample of Swift (Gehrels et
al. 2004) LGRBs with reported measurements of both
two absorption lines and prompt emission. Our sam-
ple is mainly complied from de Ugarte Postigo et al.
(2012) which published a sample of low-resolution after-
glow spectra of 69 LGRBs. For the bursts with mea-
surements (including both detection and upper limit) of
both C IV and C II, the common objects with a measure-
ment of prompt emission is extracted from Ghirlanda et
al. (2017) and Nava et al. (2012). The sample is finally
composed of 20 LGRBs and is tabulated in Table 1,
along with the references. Columns (1) and (2) list the
identification and the measured redshift of each LGRB,
respectively. The measured equivalent widths (EWs) of
C IIλ1335, C IVλ1549 and Si IVλ1403 absorption lines
are given in Columns (3), (4) and (5), respectively. The
line ratio in logarithmic of C IV/C II is listed column
(6). Columns (7) and (8) are the rest-frame isotropic
prompt luminosity and peak energy based on the stan-
dard Band spectrum. All the errors reported in the table
correspond to the 1σ significance level after taking into
account the proper error propagation.
3. RESULTS AND DISCUSSION
3.1. C IV/C II: A Global Photoionization Response of
ISM to LGRBs’ Prompt Emission
A global ionization response of ISM to the prompt
emission of LGRBs is shown in Figure 1 in which the
line ratio of C IV/C II is used as a tracer of ionization
ratio of the ISM within the line-of-sight of an observer.
In stead of using Eiso as an indicator of the strength of
the prompt emission in the study of de Ugarte Postigo
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Table 1. Sample of Swift LGRBs with Measurements of Both Absorption Lines and Prompt Emission.
GRB zGRB EW(CIVλ1549) EW(CII/CII
∗λ1335) EW(SiIVλ1549) log(CIV/CII) logLiso logEpeak References
A˚ A˚ A˚ erg s−1 keV
(1) (2) (3) (4) (5) (6) (7) (8) (9)
050401 2.89 3.08± 0.77 2.57± 0.26 < 1.53 −0.08± 0.12 53.30± 0.02 2.69± 0.09 1,5
050908* 3.34 0.14± 0.04 3.23± 0.05 0.59 ± 0.04 1.36± 0.12 51.92± 0.07 2.29± 0.08 1,4
050922C 2.22 0.31± 0.06 1.27± 0.03 0.43 ± 0.33 0.61± 0.08 53.28± 0.01 2.62± 0.12 1,4
060124 2.3 < 0.7 2.93± 0.22 < 0.5 > 0.62 53.15± 0.01 2.80± 0.11 1,4
060210 3.91 4.32± 0.08 8.63± 0.05 3.05 ± 0.06 0.30± 0.01 52.78± 0.06 2.76± 0.14 1,4
060714 2.71 2.83± 0.13 3.53± 0.11 1.56 ± 0.11 0.10± 0.02 52.15± 0.03 2.37± 0.20 1,4
070110 2.35 1.13± 0.09 0.93± 0.09 0.42 ± 0.09 −0.08± 0.05 51.65± 0.07 2.57± 0.20 1,4
070411* 2.95 0.71± 0.13 2.56± 0.13 0.66 ± 0.11 0.56± 0.08 51.72± 0.04 2.68± 0.09 1,4
071031 2.69 1.21± 0.04 2.18± 0.04 0.75 ± 0.04 0.26± 0.02 51.28± 0.04 1.64± 0.09 1,4
080319C 1.95 < 2.88 3.59± 0.24 < 1.87 > 0.10 52.98± 0.01 3.24± 0.13 1,4
080603B 2.69 1.05± 0.04 1.19± 0.04 0.43 ± 0.04 0.05± 0.02 53.08± 0.02 2.58± 0.09 1,4
080605 1.64 < 6.89 5.11± 0.30 . . . . . . . . . . . . . . . > −0.13 53.51± 0.02 2.82± 0.03 1,4
080721 2.59 1.98± 0.19 4.46± 0.17 0.84 ± 0.04 0.35± 0.04 54.01± 0.06 3.24± 0.06 1,4
080810* 3.35 < 0.43 3.13± 0.21 < 0.21 > 0.86 52.97± 0.04 3.17± 0.10 1,4
081008 1.97 1.41± 0.10 1.04± 0.07 0.44 ± 0.07 −0.13± 0.04 51.48± 0.04 2.43± 0.09 1,4
080928 1.69 < 1.44 2.12± 0.26 < 0.26 > 0.17 51.48± 0.04 2.30± 0.09 1,4
090516 4.11 5.81± 0.04 5.87± 0.10 1.72 ± 0.04 0.00± 0.01 52.86± 0.02 2.97± 0.34 1,4
090812 2.45 1.94± 0.21 1.12± 0.08 0.57 ± 0.12 −0.24± 0.06 52.98± 0.04 3.31± 0.14 1,4
110205 2.22 1.31± 0.25 0.73± 0.20 . . . . . . . . . . . . . . . −0.25± 0.14 52.40± 0.06 2.85± 0.15 2,4
140624 2.28 1.80± 0.31 5.02± 0.21 2.01 ± 0.25 0.45± 0.08 53.30± 0.02 2.45± 0.09 3
Note—References in the last column: (1) de Ugarte Postigo et al. 2012; (2) Cucchiara et al. 2011; (3) Xin et al. 2017; (4)
Ghirlanda et al. 2017; (5) Nava et al. 2012. The three outliers in Figure 1 are marked with asterics in Column (1).
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et al. (2012), the left panel in Figure 1 plots C IV/C II
as a function of Liso/Epeak. Based on the definition of
the Band spectrum, Liso/Epeak is the isotropic photon
numbers emitted per second at the characteristic pho-
ton energy defined as Epeak, which is equivalent to the
ionization parameter that is widely used in the photoion-
ization models (e.g., Osterbrock & Ferland 2006) if the
densities of the ISM of different LGRBs are comparable.
For the bursts with a detection of EW of C II, one
can see that there is a dependence of C IV/C II ra-
tio on Liso/Epeak, except for two outliers with relatively
large C IV/C II ratios. Generally speaking, higher the
C IV/C II ratio, larger the Liso/Epeak will be, which in-
dicates that the ionization ratio of the ISM around the
bursts increases with the ionizing photon flux assessed
from the prompt emission of LGRBs. A statistical test
yields a Kendall’s τ = 0.238 and a Z-value of 1.237 at
a significance level with a probability of null correlation
of P = 0.216. The significance of the dependence is
considerably enhanced to be τ = 0.539, Z = 2.562 and
P = 0.0104 when the two outliers are excluded from
the statistics. The significance is further enhanced ob-
viously in the right panel of Figure 2, which plots line
ratio C IV/C II as a function of Liso/E
2
peak. The phys-
ical meaning of Liso/E
2
peak can be understood as the
specific photon numbers emitted per second with a pho-
ton energy of Epeak. The same statistical test results
in a significantly improved statistics with a τ = 0.352,
Z = 1.836 and P = 0.0664 and a τ = 0.603, Z = 2.873
and P = 0.0041 when the outliers are excluded.
Both C IV/C II−Liso/Epeak and C IV/C II−Liso/E
2
peak
correlations suggest a photoionization effect in which the
circumburst medium in the line-of-sight is photoionized
by the GRB’s prompt and afterglow emission. In fact,
the photoionization effect is revealed in some previous
case studies focusing on individual GRBs. A transient
absorption edge at ∼ 3.8keV, which is produced by the
the circumburst medium highly ionized by the GRB’s
prompt emission, is discovered in the X-ray spectrum
of the prompt emission of GRB 990705 (Amati et al.
2000). Emission features (e.g., Fe Kα and Lyα lines)
resulted from photoionization by the GRB’s prompt and
afterglow emission is identified in the X-ray afterglow
spectra of a few GRBs (e.g., Antonelli et al., 2000; Piro
et al. 1999, 2000, Yoshida et al. 1999).
The dependence of C IV/C II on Liso/E
2
peak shown in
the right panel in Figure 1 is quite interesting. In fact,
previous statistical studies firmly established a tight cor-
relation between Liso and Epeak, which results in a rela-
tionship of Liso ∝ E
2
peak in both homogeneous and wind
ISM (e.g., Amati et al. 2002; Yonetoku et al. 2004;
Ghirlanda et al. 2010, 2017; Nava et al. 2012). Sub-
sequent studies suggested that the relationship is physi-
cally driven by the initial Lorentze factor (e.g., Nava et
al. 2012; Ghirlanda et al. 2017 and references therein).
The dependence revealed by us therefore suggests that
the scatter of the Liso−Epeak relationship is related with
the C IV/C II ratio.
A linear fitting FITEXY with uncertainties in both x
and y coordinates yields a relationship of
log
Liso
E2peak
= (47.15± 0.07) + (2.38± 0.28) log
CIV
CII
(1)
The D’Agostini fitting method (D’Agostini 2005, see
also in e.g., Guidorzi et al. 2006, Amati et al. 2008)
is alternatively used to model the linear relationship as
y = β0 + β1x+ ǫ, where ǫ is the extra Gaussian scatter.
The optimal values obtained by the maximum likelihood
method (MLM) results in a relationship
log
CIV
CII
= (−12.82±2.00)+(0.27±0.04) log
Liso
E2peak
(2)
with an extra scatter of ǫ = 0.19. Both best-fitted re-
lationships are overplotted in the right panel of Figure
1.
Figure 2 shows the Epeak versus Liso (Eiso) correlation
for the sample used in this study. The same D’Agostini
fitting method returns best fits:
logEpeak = (−14.91± 1.64)+ (0.33± 0.03) logLiso (3)
associated with an extra scatter of ǫ = 0.32, and
logEpeak = (−26.13± 2.86)+ (0.54± 0.05) logEiso (4)
associated with an extra scatter of ǫ = 0.27. A compar-
ison of the obtained scatters enables one to definitely
see that the dispersion of the Liso/E
2
Peak versus pho-
toionization ratio correlation is smaller than both of the
Epeak − Liso and Epeak − Eiso correlations.
3.2. Outliers: Different Origin of LGRBs?
By including both outliers and bursts with an upper
limit of EW of C II, the distribution on the C IV/C II
versus Liso/Epeak (Liso/E
2
peak) diagram further suggests
that the bursts listed in our sample could be divided
into two groups: a majority of the bursts that follow the
ionization ratio versus ionizing photon flux dependence
and a few outliers with relatively either large C IV/C II
ratios or small Liso/Epeak (Liso/E
2
peak) (or both). The
three outliers in Figure 1 are: GRB050908, GRB070411
and GRB080810.
In the first case, Martone et al. (2017) argued that
the outliers in the Epeak − Eiso correlation is possibly
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Figure 1. Left panel: line ratio C IV/C II plotted against
Liso/Epeak. The bursts with a determination of EW of C II
are shown by the red solid circles, and the bursts with an
upper limit of EW of C II by the blue open triangles and ar-
rows. The errorbars correspond to the 1σ significance level.
Right panel: the same as the left one but for Liso/E
2
peak.
The black solid line shows the best fit for the C IV/C II ver-
sus Liso/E
2
peak sequence through the FITEXY method (i.e.,
Eq.(1)). The 3σ deviation from the best fit in both inter-
cept and slope is shown by the black short-dashed lines. The
green long-dashed and dotted lines presents the best fit and
1σ deviations, respectively, which is obtained through the
D’Agostini fitting method (i.e., Eq.(2)).
Figure 2. Left panel: Epeak plotted against Liso. The best
fitted linear relationship obtained through the D’Agostini fit-
ting method is presented by the solid line, and the 1σ scatter
by the two dashed lines. The three outliers (see Table 1 and
Section 3.2) are marked by the red dots. Right panel: the
same as the left one but for Eiso.
due to an overestimation of Epeak resulted from an un-
derestimation of X-ray prompt emission. In the current
sample, Figure 2, however, shows that all the three out-
liers generally follow the fitted Epeak −Eiso correlation,
which suggests that the observational bias could be not
a favorite explanation for the outliers.
Alternatively, the large C IV/C II ratios suggest a
abnormally high ionization ratio in the ISM for the
outliers. A possible explanation of the high ioniza-
tion ratio is an additional photoionization contributed
by the underlying intensive starformation, especially
the massive Wolf-Rayet (WR) stars in the environ-
ment of the LGRBs. Taking into account the WR
outflow model, Berger et al. (2006) argued that the
C IVλ1549/Si IVλ1403 line ratio is a good tracer of an
existence of WRs because the outflow from the mas-
sive stars would increase the carbon metallicity in the
ISM. In fact, a tendency of higher C IV/Si IV ratio
in LGRBs than in QSOs is tentatively revealed in de
Ugarte Postigo et al. (2012) through a large sample.
In order to check if the WR star scenario is working for
the outliers, Figure 2 shows the cumulative distribution
of C IV/Si IV ratio for the current sample. The vertical
lines mark the C IV/Si IV values for the three outliers
with the largest deviation from the C IV/C II versus
Liso/Epeak (Liso/E
2
peak) sequence. Clearly, both outliers
with a firm measurement of EW of C II have quite high
C IV/Si IV ratios, which agrees with the prediction of
the WR scenario quite well.
Figure 3. Cumulative distribution of C IV/Si IV line ratio.
The values of the three outliers in Figure 1 are marked by
the vertical lines and labels.
The outliers with a property of both large C IV/C II
and C IV/Si IV ratios motivates us to suspect that the
bursts following and deviating the C IV/C II−Liso/Epeak
(Liso/E
2
peak) sequence are produced within different en-
vironments, or on other worlds, produced by different
progenitors. In fact, on the theoretical ground, both
single-star model with a central engine of either a black-
hole or a magentar (e.g., Woosley & Heger 2006; Dai
& Lu 1998; Zhang & Dai 2010; Wang et al. 2017) and
close interacting binary models (e.g., Fryer et al. 2007;
van den Heuvel et al. 2007) have been proposed as the
origin of LGRBs . On the observational ground, fea-
tures emitted from WR stars have been detected in the
spectra of the host galaxies of 8 nearby LGRBs (Han et
al. 2010). With the measurements of metallicity of host
galaxies of LGRBs up to z ∼ 2, a metallicity threshold
of Zth = 0.7Z⊙ is suggested for the origin of LGRBs
(e.g., Japelj et al. 2015; Vergani et al, 2017 and refer-
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ences therein). This threshold is, however, higher than
the requirement of 0.2Z⊙ of the single-star model, which
suggests an alternative progenitor of close interacting
binary for some LGRBs, because the binary model is
less sensitive to the metallicity of the progenitor.
4. CONCLUSION
A correlation between line ratio C IV/C II and
Liso/Epeak (Liso/E
2
peak) is identified for a majority of
LGRBs listed in this study, which suggests a global
response of the ionization ratio to the ionizing photon
luminosity assessed from the prompt emission. The out-
liers of the correlation, which have both high C IV/C II
and C IV/Si IV ratios, motivate us to suspect that
their progenitors differs from the bursts following the
identified correlation.
The authors would like to thank the anonymous ref-
eree for his/her careful review and helpful suggestions
improving the manuscript. JW & DWX are supported
by National Natural Science Foundation of China under
grants 11473036 and 11773036. The study is supported
by the National Basic Research Program of China (grant
2014CB845800) and by the Strategic Pionner Program
on Space Science, Chinese Academy of Sciences (Grant
No.XDA15052600).
REFERENCES
Amati, L., Frontera, F., Tavani, M. et al., 2002, A&A, 390,
81
Amati, L., Frontera, F., Vietri, M., et al. 2000, Science,
290, 953
Amati, L., Guidorzi, C., Frontera, F., Della Valle, M.,
Finelli, F., Landi, R., & Montanari, E. MNRAS, 391, 577
Antonelli, L. A., Piro, L., Vietri, M., et al. 2000, ApJL,
545, 39
Berger, E., Penprase, B. E., Cenko, S. B., Kulkarni, S. R.,
Fox, D. B., Steidel, C. C., & Reddy, N. A. 2006, ApJ,
642, 979
Butler, N. R., Marshall, H. L., Ricker, G. R., et al. 2003,
ApJ, 597, 1010
Cano, Z., Wang, S. Q., Dai, Z. G., & Wu, X. F. 2017,
AdAst, 5
Cucchiara, A., Levan, A. J., Fox, D. B., et al. 2011, ApJ,
736, 7
Dai, Z. G., & Lu, T. 1998, PhRvL, 81, 4301
D’Agostini G. 2005, arXiv: physics/0511182
de Ugarte Postigo, A., Fynbo, J. P. U., Thone, C. C., et al.
2012, A&A, 548, 11
D’Elia, V., Fiore, F., Perna, R., et al. 2009, A&A, 503, 437
D’Elia, V., Fynbo, J. P. U., Covino, S., et al. 2010, A&A,
523, 36
Dessauges-Zavadsky, M., Chen, H. -W., Prochaska, J. X.,
Bloom, J. S., & Barth, A. J. 2006, ApJL, 648, 89
Fryer, C. L., Mazzali, P. A., Prochaska, J., et al. 2007,
PASP, 119, 1211
Fynbo, J. P. U., Jakobsson, P., Prochaska, J. X., et al.
2009, ApJS, 185, 526
Galama, T. J., Vreeswijk, P. M., van Paradijs, J., et al.
1998, Nature, 395, 670
Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ,
611, 1005
Ghirlanda, G., Ghisellini, G., Tavecchio, F., & Foschini, L.
2010, MNRAS, 407, 791
Ghirlanda, G., Nappo, F., Ghisellini, G., e al. 2017,
astro-ph/arXiv: 1711.06257, accepted by A&A
Guidorzi, C., Frontera, F., Montanari, E., Rossi, F., Amati,
L., Gomboc, A., & Mundell, C. G. 2006, MNRAS, 371,
843
Han, X. H., Hammer, F., Liang, Y. C., Flores, H.,
Rodrigues, M., Hou, J. L., & Wei, J. Y. 2010, A&A, 514,
24
Hao, H., Stanek, K. Z., Dobrzycki, A., et al. 2007, ApJL,
659, 99
Hartoog, O. E., Wiersema, K., Vreeswijk, P. M., et al. 2013,
MNRAS, 430, 2739
Hjorth, J., & Bloom, J. S. 2012, in Chapter 9 in
“Gamma-Ray Bursts” Cambridge Astrophysics Series 51,
ed. C. Kouveliotou, R. A. M. J. Wijers, & S. Woosley
(Cambridge: Cambridge Univ. Press), 169
Japelj, J., Covino, S., Gomboc, A., et al. 2015, A&A, 579,
74
Kawai, N., Kosugi, G., Aoki, K., et al. 2006, Nature, 440,
184
Meszaros, P., & Rees, M. J. 1997, ApJL, 482, 29
Mirabal, N., Halpern, J. P., Kulkarni, S. R., et al. 2002,
ApJ, 578, 818
Nava, L., Salvaterra, R., Ghirlanda, G., et al. 2012,
MNRAS, 421, 1256
Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of
gaseous nebulae and active galactic nuclei, 2nd. ed. by
D.E. Osterbrock and G.J. Ferland. Sausalito, CA:
University Science Books
Perna, R., & Loeb, A. 1998, ApJ, 501, 467
Perna, R., Sari, R., Frail, D., et al. 2003, ApJ, 594, 379
Piro, L., Costa, E., Feroci, M., et al. 1999, ApJL, 514, 73
Ionization Response to LGRB’s Prompt Emission 7
Piro, L., Garmire, G., Garcia, M., et al. 2000, Science, 290,
955
Prochaska, J. X., Chen, H.-W., Bloom, J. S. 2006, ApJ,
648, 95
Prochaska, J. X., Chen, H.-W., Bloom, J. S., et al. 2007,
ApJS, 168, 231
Salvaterra, R., Della Valle, M., Campana, S., et al. 2009,
Nature, 461, 1258
Sari, R., Piran, T., & Narayan, R. 1998, ApJL, 497, 17
Savaglio, S., Fall, S. M., & Fiore, F. 2003, ApJ, 585, 638
Tanvir, N. R., Fox, D. B., Levan, A. J., et al. 2009, Nature,
461, 1254
Tejos, N., Lopez, S., Prochaska, J. X., et al. 2009, ApJ, 706,
1309
Totani, T., Kawai, N., Kosugi, G., et al. 2006, PASJ, 58,
485
van den Heuvel, E. P. J., & Yoon, S.-C. 2007, Ap&SS, 311,
177
Vergani, S. D., Palmerio, J., Salvaterra, R., et al. 2017,
A&A, 599, 120
Vergani, S. D., Petitjean, P., Ledoux, C., et al. 2009, A&A,
503, 771
Vreeswijk, P. M., Ledoux, C., Raassen, A. J. J., et al. 2013,
A&A, 549, 22
Vreeswijk, P. M., Ledoux, C., Smette, A., et al. 2007, A&A,
468, 83
Wang, L. J., Yu, H., Liu, L. D., et al. 2017, ApJ, 837, 128
Wang, J. 2013, ApJ, 776, 96
Waxman, E., & Draine, B. T. 2000, ApJ, 537, 796
Woosley, S. E., & Bloom, J. S. 2006, ARA&A, 44, 507
Woosley, S. E., & Heger, A. 2006, ApJ, 637, 914
Xin, L. P., et al. 2017, submitted to ApJ
Yonetoku, D., Murakami, T., Nakamura, T., Yamazaki, R.,
Inoue, A. K., & Ioka, K. 2004, ApJ, 609, 935
Yoshida, A., Namiki, M., Otani, C., Kawai, N., Murakami,
T., Ueda, Y., Shibata, R., & Uno, S. 1999, A&AS, 138,
433
Zhang, B., & Dai, Z. G. 2010, ApJ, 718, 841
